The expression of acid ceramidase (AC) -a cysteine amidase that hydrolyses the proapoptotic lipid ceramide -is abnormally high in several human tumors, which is suggestive of a role in chemoresistance. Available AC inhibitors lack, however, the potency and drug-likeness necessary to test this idea. Here we show that the antineoplastic drug carmofur, which is used in the clinic to treat colorectal cancers, is a potent AC inhibitor and that this property is essential to its anti-proliferative effects. Modifications in the chemical scaffold of carmofur yield new AC inhibitors that act synergistically with standard antitumoral drugs to prevent cancer cell proliferation. These findings identify AC as an unexpected target for carmofur, and suggest that this molecule can be used as starting point for the design of novel chemosensitizing agents.
effective concentration (IC 50 ) of 29 6 5 nM (mean 6 standard error of the mean, s.e.m.; n54), whereas 5-FU had no such effect (IC 50 .1 mM) ( Figure 1A ). Kinetic studies showed that carmofur decreased the maximal catalytic velocity of AC without influencing its Michaelis-Menten constant ( Figure 1B and Table 2 ). AC inhibition by carmofur developed slowly, with a time to peak of approximately 45 min ( Figure 1C ) and was significantly, albeit incompletely reversed following 12-h dialysis ( Figure 1D ). Treating cultures of human colon adenocarcinoma SW403 cells with carmofur caused a concentration-and time-dependent reduction in AC activity (Figure 2A, B ). This effect was accompanied by intracellular accumulation of various ceramide species, including cer(d18:1/ 14:0), cer(d18:1/16:0) and cer(d18:1/18:0), which were identified and quantified by liquid chromatography/mass spectrometry (LC/ MS) ( Figure 2C and Supplementary Table S1 ). By contrast, incubation of SW403 cells with 5-FU (3 mM, 3 h) did not cause any detectable changes in AC activity or ceramide content (Figure 2A -C). Similar results were obtained with LNCaP cells, an androgen-sensitive human prostate adenocarcinoma cell line that overexpresses AC 8 (Figure 2D-F and Supplementary Table S2 ).
Furthermore, systemic administration of carmofur (10 or 30 mgkg 21 , intraperitoneal, i.p.) to mice produced a dose-dependent inhibition of AC activity in various tissues, including lungs ( Figure 3A ) and brain cortex ( Figure 3B ). As seen with cancer cells in cultures, AC inhibition was associated with increases in tissue ceramide content ( Figure 3C,D) . By contrast, in vivo administration of 5-FU (30 mg-kg 21 , i.p.) had no statistically detectable effect on AC activity ( Figure 3A) . The ceramide levels measured by our LC/MS assay are consistent with those reported in the literature, when analyses are conducted using LC/MS 16, 17 . Higher ceramide levels have been reported, however, when utilizing different analytical methods 16, 18 . The results indicate that carmofur inhibits AC activity and elevates tissue ceramide levels, both in vitro and in vivo, through a mechanism that is independent of 5-FU formation.
AC inhibition contributes to the anti-proliferative effects of carmofur. To test whether AC inhibition contributes to the antiproliferative properties of carmofur, we examined the effects of this compound on human embryonic kidney 293 (HEK 293) cells that were genetically modified to stably overexpress rat AC ( Figure 4A ). In the absence of pharmacological treatment, AC-overexpressing HEK 293 cells contained substantially reduced levels of cer(d18:1/16:0) ( Figure 4B ) and proliferated more rapidly than did native control cells ( Figure 4C ). Importantly, when exposed for 24 h to carmofur (1-100 mM), AC-overexpressing HEK 293 cells showed a markedly reduced ceramide accumulation ( Figure 4D ) and cell death ( Figure 4E ) relative to control cells subjected to the same treatment: the median effective concentration (EC 50 ) of carmofur was 50-fold higher in AC-overexpressing cells than native cells (66 mM vs 1.4 mM, n 5 4, Figure 4E ). A plausible interpretation of these experiments is that AC inhibition is an important determinant of carmofur-induced cytotoxicity. We next examined whether inhibition of ceramide synthesis via the de novo pathway might prevent the cytotoxic effect of carmofur. To this aim we measured the viability of HEK www.nature.com/scientificreports SCIENTIFIC REPORTS | 3 : 1035 | DOI: 10.1038/srep01035 3 923 cells exposed to carmofur, fumonisin B1 (FB1, a ceramide synthase inhibitor) and a combination of carmofur plus FB1. The results show that FB1 does not decrease carmofur induced cell death (Supplementary Figure S1 ). The lack of effect of FB1 is likely due to the existence of multiple pathways of ceramide biosynthesis (e.g. sphingomyelinase activation) 19 .
Identification of novel AC inhibitors. Carmofur releases 5-FU, which blocks tumor cell proliferation by inhibiting the DNAsynthesizing enzyme thymidylate synthetase 13 . Therefore, to further evaluate the contribution of AC inhibition to the antiproliferative effects of carmofur, we synthesized a small set of carmofur derivatives that were rendered unable to release 5-FU through replacement of the fluorine atom at the 5 position of the pyrimidine ring with one of several substituent groups ( Table 1 ). The new compounds inhibited AC activity with potencies that were markedly influenced by the stereo-electronic properties of the 5substituent (Table 1, Figure 5A ). Replacing fluorine with chlorine (compound 1, ARN082) or hydrogen (2, ARN080) caused a decrease in potency, while substitution with an electron-donating methyl group (3, ARN081) resulted in an almost complete loss of inhibitory activity (Table 1) . On the other hand, replacement of fluorine with a strongly electron-withdrawing trifluoromethyl group yielded the highly potent AC inhibitor 4 (ARN398) ( Table 1 , Figure 5A ). The new compounds did not affect human thymidylate synthetase activity (Table 1) . LC/MS analyses showed that both ARN080 and ARN398 were subject to rapid degradation when incubated in mouse plasma at 37uC. ARN080 displayed an in vitro plasma half-life time (t 1/2 ) of 3.5 min (Supplementary Figure  S2) ; nevertheless, when administered systemically in mice at the doses of 10 and 30 mg-kg 21 (i.p.), ARN080 substantially reduced AC activity in lungs and brain cortex (Supplementary Figure S3 ), indicating that it was able to engage AC in vivo. ARN398 was degraded in plasma even more rapidly than ARN080 (t 1/2 less than 1 min) and was not further investigated. The results identify the 5-substituted pyrimidine, ARN080, as a prototype for a new class of inhibitors of intracellular AC activity.
Chemosensitizing effects of AC inhibitors. A single treatment of SW403 cells with ARN080 or ARN398 (3 mM, 3 h) increased ceramide levels ( Figure 5B ), but did not result in any statistically detectable change in cell viability ( Figure 5C , D). Cell viability was reduced, however, when the compounds were applied three times over a period of 72 h (once every 24 h) ( Figure 5C, D) . Under the latter conditions, ARN080 and ARN398 decreased SW403 cell viability with EC 50 values of 12.6 6 3 mM and 37 6 2.6 mM, respectively (n 5 3). The cytotoxic potency of 5-FU was also slightly enhanced when using this prolonged exposure protocol [EC 50 5 0.79 6 0.18 mM (n52); compare to EC 50 5 1.36 6 0.06 mM (n53) in the single-exposure protocol] (Supplementary Figure S4 ). The weak and gradual effects of ARN080 and ARN398 in SW403 cells ( Figure 5C ,D) were clearly distinguishable from the rapid and potent anti-proliferative response elicited by carmofur ( Supplementary Figure S4 ), implying that AC blockade might be most effective when combined with other cytotoxic mechanisms (in the case of carmofur, 5-FU release). To test whether AC inhibition potentiates the effects of 5-FU in a synergistic manner, we incubated SW403 cells with a sub-effective concentration of 5-FU (0.3 mM) along with varying concentrations of ARN080 or ARN398 (0.1-100 mM). The compounds were added to the cultures once every 24 h over a period of 72 h and the effects of the combined treatments were evaluated using isobolographic analyses 20 . The analyses showed that ARN080 and ARN398 acted synergistically with 5-FU to reduce SW403 cell viability ( Figure 5E ,F). Indeed, experimental EC 50 values were 1.0 mM for the combination ARN398 plus 5-FU and 7.5 mM for the combination ARN080 plus 5-FU; these values were markedly lower than the theoretical EC 50 s calculated using the isobole equation (7.8 mM and 23.0 mM, respectively; Figure 5E ,F). Super-additive effects of ARN080 and ARN398 similar to those seen with 5-FU were also observed with taxol, a chemotherapeutic agent that acts by interfering with microtubule stability (Figure 5G,H) . These findings are consistent with available data suggesting that AC blockade sensitizes cancer cells to the actions of cytotoxic agents and radiation therapy 9,21-23 .
Discussion
In the present report, we identify carmofur as a highly potent inhibitor of AC activity, and demonstrate that AC blockade plays an important role in the anti-proliferative effects of this chemotherapeutic agent. We further show that the chemical scaffold of carmofur provides a viable starting point for the discovery of novel AC inhibitors that act synergistically with other antineoplastic drugs, such as 5-FU and taxol, to stop the proliferation of cancer cells in vitro. By making cells in AC-over-expressing tumors more sensitive to the actions of chemotherapy or radiotherapy, future AC inhibitors designed on the 5-substituted pyrimidine scaffold might increase the efficacy and decrease the potential side effects of those treatments.
The anticancer properties of carmofur have been attributed to the ability of this agent to generate 5-FU 13, 14, [24] [25] [26] , a pyrimidine analog that inhibits DNA synthesis in tumor cells by blocking thymidylate synthase 27 . Nevertheless, the lack of positive correlation between carmofur-induced inhibition of thymidylate synthetase activity and cell proliferation is suggestive of a more complex mechanism of action 14 . This idea finds additional support in data indicating that carmofur is toxic for human cancer cells that have developed resistance to 5-FU 28 . In the present study, we show that AC overexpression (i) accelerates proliferation in HEK 293 cells, and (ii) renders these cells markedly resistant to the cytotoxic effects of carmofur. These results suggest that the antitumoral properties of carmofur might result from a concomitant action of this compound on DNA synthesis (caused by 5-FU release) and AC inhibition. To further probe the role of AC inhibition in the anti-tumoral effects of carmofur, we synthesized a set of carmofur derivatives that lack the ability to block thymidylate synthetase, either directly or through 5-FU release. One of the new molecules, ARN080, inhibited AC activity both in vitro (IC 50 5 426 6 104 nM) and in vivo (median inhibitory dose, ID 50 , 10 mg-kg 21 , i.p.), and acted synergistically with two different antineoplastic drugs, 5-FU and taxol, to reduce proliferation of SW403 human colon carcinoma cells. Consistent with these findings, previous work has shown that blocking ceramide metabolism potentiates the cytotoxic effects of antineoplastic agents 21, 23, 29 . For example, the ceramide analog B13, which inhibits AC in vitro with an IC 50 of approximately 10 mM in keratinocytes 30 , induces apoptosis in metastatic human colon cancer cell lines 31 and sensitizes tumors to the effects of radiation in a model of xenografted androgen-insensitive prostate cancer 32 . Similarly, the AC inhibitor DM102 [(2R,3Z)-N-(1-hydroxyoctadec-3-en-2-yl)pivaloylamide] acts in synergy with fenretinide [N-(4-hydroxyphenyl) retinamide] to decrease prostate cancer cell proliferation 23 .
In conclusion, our results identify carmofur, an antineoplastic drug currently used in the clinic to treat colorectal cancers, as the first highly potent inhibitor of intracellular AC. Our findings further indicate that the ability to interfere with AC activity is an essential component of the anti-proliferative effects of carmorfur, and that modifications in the chemical scaffold of this molecule yield AC inhibitors that might enhance the therapeutic efficacy of standard antitumoral drugs.
Methods
Animals and treatments. Male Swiss Webster mice (20-35 g, Charles River) were group-housed at room temperature on a 12 h light/dark cycle. Water and standard chow pellets were freely available. Drugs were dissolved in 15% polyethylene glycol, 15% Tween-80 and 70% saline (injection volume, 1 ml-kg 21 ; i.p.). Animals were killed by cervical dislocation 2 h after drug administration, tissues were collected, frozen in liquid nitrogen and stored at 280uC. Experiments were performed in an AAALACaccredited facility at the University of California, Irvine (USA). They met the National Institutes of Health guidelines for the care and use of laboratory animals, and were approved by the University's Institutional Animal Care and Use Committee.
Chemical syntheses. Compounds were synthesized by reaction of an appropriate 2,4dioxo-pyrimidine with hexyl isocyanate in a suitable solvent, as depicted in Supplementary Figure S5 , according to either method A or B. Column chromatography was performed on pre-packed silica cartridges (2 g or 5 g) from Biotage or on glass columns using Merck silica gel 60 (230-400 mesh) as stationary phase. NMR spectra were recorded on a Bruker Avance III 400 system (400.13 MHz for 1 H, and 100.62 MHz for 13 C), equipped with a BBI inverse probe and Z-gradients, using deuterated solvents. Splitting parameters are designated as singlet (s), broad singlet (bs), doublet (d), triplet (t), and multiplet (m). NMR coupling constants (J) are in Hertz.
UPLC-MS analyses were run on a Waters ACQUITY UPLC-MS system consisting of a SQD (Single Quadrupole Detector) Mass Spectrometer equipped with an Electrospray Ionization interface and a Photodiode Array Detector. UV spectra acquisition range was 210-400 nm. Analyses were performed on an ACQUITY UPLC HSS T3 C 18 column (5032.1mmID, particle size 1.8 mm) with a VanGuard HSS T3 C 18 pre-column (532.1mmID, particle size 1.8 mm). Mobile phase was either 10 mM NH 4 OAc in H 2 O at pH 5 adjusted with AcOH (A) and 10 mM NH 4 OAc in MeCN-H 2 O (9555) at pH 5. Electrospray ionization in positive and negative mode was applied. All final compounds showed $ 95% purity by NMR and UPLC-MS analysis.
Method A: The compounds were prepared based on literature procedures 33 . A properly substituted 2,4-dioxo-pyrimidine (1.0 g, 1.0 equiv) and hexyl isocyanate (1.5 equiv) were heated in dry DMSO (15 mL) at 50uC for 18 h. The reaction mixture was cooled to room temperature and quenched by addition of water. The precipitate was filtered under reduced pressure, and crystallised from refluxing ethanol (20 mL) to yield a white solid. Method B: A properly substituted 2,4-dioxo-pyrimidine (0.1 g, 1.0 equiv) and 4-dimethylaminopyridine (1.1 equiv) were dissolved in dry pyridine (5 mL). After 30 min, hexyl isocyanate (1.2 equiv) was added and the resulting solution was stirred under nitrogen at room temperature for 20 h. The solvent was evaporated under reduced pressure, and the crude residue was purified by silica gel column chromatography. Evaporation of the fractions containing the compound yielded the product as white solid. Recombinant acid ceramidase expression. Rat AC was cloned from a brain cDNA library using primers based on the sequence obtained from the National Center for Biotechnology Information (NCBI) database: 59rAC (59-GACCATGCTGGGCCGTAGT-39) and 39rAC (59-CCAGCCTATACAAGGGTCT-39). The PCR (High Fidelity PCR Master, Roche) product was subcloned into a pEF6-V5/His vector (Invitrogen) to construct a mammalian expression vector encoding V5/His-tagged rat AC. HEK293 cells were transfected with pEF6-rAC-V5/His using Super-Fect reagent (Qiagen) and screened with G418 (0.3 mg/mL).
5-chloro
Cell viability. Trypan blue assay: SW403 cells (2310 5 ) were seeded onto 12-well plates the day before the experiments and incubated with appropriate concentrations of drugs in serum-free DMEM. Following treatment, cells were harvested, centrifuged at 800xg for 10 min and the pellets were suspended in PBS. Cell suspensions were diluted 151 with 0.4% Trypan Blue (Sigma), incubated for 1 min and viable cells were counted with a hemocytometer. Crystal violet assay: cells were stained with 0.4% Crystal violet in 50% MeOH for 20 min and washed with water. DMSO (0.1 ml per well) was added to dissolve cells and absorbance was measured at 570 nm.
Acid ceramidase activity. AC activity was measured as described in Supplementary Material and Methods 34 .
Tissue lipid analyses. Lipid analyses were conducted as described in Supplementary Material and Methods 35 .
Statistics. We assessed the interaction between drugs using a standard isobolographic analyses 36, 37 . GraphPad Prism software (GraphPad Software, Inc., USA) was used for all other statistical analysis. Statistical significance of differences was assessed using Student's t test or one-way ANOVA followed by a Bonferroni's post hoc test for multiple comparisons. Two-way ANOVA was used to compare the means of data with two independent variables. Differences between groups were considered statistically significant at values of p , 0.05. Results are expressed as mean 6 s.e.m. 
